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Sub-micron  Lii.4Al0.4Tii.6(PO4)3  (LATP)  ceramic  powder  is  synthesized  by  a  co-precipitation  method 
which  can  be  applied  for  mass  production.  A  pure  Nasicon  phase  is  confirmed  by  X-ray  diffraction  analysis 
and  the  primary  particle  size  of  the  product  is  200-500  nm.  The  sinterability  of  LATP  is  investigated  and  the 
relative  density  of  97%  reached  at  a  sintering  temperature  as  low  as  900  °C  for  6  h.  The  bulk  lithium  ionic 
conductivity  of  the  sintered  pellet  is  2.19  x  10~3  Scnrr1,  and  a  total  conductivity  of  1.83  x  10~4  Scrrr1  is 
obtained. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Safety  is  one  of  the  main  factors  limiting  the  large  scale  appli¬ 
cation  of  lithium  batteries.  Due  to  the  organic  liquid  electrolytes 
currently  used  in  commercial  lithium  batteries  are  flammable,  the 
short-circuit  of  the  batteries  may  lead  to  fire  or  even  exploding 
[1].  All-solid-state  lithium  batteries  are  of  high  safety  and  stability 
because  the  electrolytes  have  high  melting  point  and  are  unpene¬ 
trable  [1  ].  Inorganic  type  electrolytes,  such  as  Li3N  [2],  LixLai_xTi03 
[3],  NASICON  (sodium  super  ionic  conductor)  structure  phosphates 
Li1+xM/xM//2-x(P04)3(M/  =  Al,  Y,  Fe  etc.;  M"  =  Ti,  Ge,  Hf  etc.)  [4-9] 
and  so  on,  are  considered  as  possible  electrolyte  candidates  for 
all-solid-state  lithium  batteries. 

NASICON  structured  ceramics  are  among  the  most  promis¬ 
ing  candidates  for  all-solid-state  electrolytes  because  of  their 
high  conductivity  at  room  temperature  and  high  melting 
point.  Aono  et  al.  reported  a  maximum  bulk  conductivity  of 
10-3  Son-1  at  300 K  and  x  =  0.3  for  Lii+xAlxTi2_x(P04)3  [10].  This 
almost  can  meet  the  requirements  of  practical  lithium  batter¬ 
ies.  Weppner  et  al.  have  prepared  an  all-solid-state  battery  of 
Li4Ti5Oi2/Li13Alo.3Tii.7(P04)3/LiMn204  operated  at  room  temper¬ 
ature  [11]. 

One  of  the  problems  of  NASICON  structured  electrolyte  for  prac¬ 
tical  applications  is  the  difficulty  in  mass  production.  This  type  of 
ceramic  electrolytes  has  been  synthesized  by  various  techniques, 
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such  as  solid  state  reaction,  sol-gel  process  and  melting-quenching 
method  [12-15].  All  of  the  above  synthetic  methods  cannot  be  eas¬ 
ily  applied  to  the  mass  production  due  to  high  energy  consumption 
and  impurities  in  the  final  production. 

In  this  work,  a  chemical  synthesis  route  suitable  for  mass  pro¬ 
duction  based  on  a  co-precipitation  method  for  the  sub-micron 
Lii+xAlxTi2-x(P04)3  (x  =  0.4)  (LATP)  was  developed.  The  sinterability 
of  the  as-prepared  powders  was  studied.  AC  impedance  was  mea¬ 
sured  and  the  conductivity  of  the  ceramics  at  room  temperature 
was  therefore  obtained. 

2.  Experimental 

All  reagents  were  of  analytical  grade  purity.  Li2C204  and 
A1(N03  )3  -9H20  were  dissolved  by  deionized  water  and  added  drop- 
wise  into  excessive  NH4HC03  solution  under  vigorous  stirring  to 
generate  the  precipitates.  To  avoid  the  evaporation  of  lithium  dur¬ 
ing  synthesis  and  sintering,  10%  excessive  amount  of  Li2C204  was 
added  in  the  precursors.  Ti(OC4H9)4  and  NH4H2P04  were  dropped 
into  the  solution  afterwards  and  the  stirring  was  kept  for  2  h.  All 
the  above  processes  were  preceded  at  80  °C  in  a  water  bath.  The 
mixture  was  dried  at  120  °C  to  vaporize  the  solvent.  The  remained 
powder  was  pyrolyzed  at  350  °C  for  2  h  and  then  calcined  at  800  °C 
for  30  min.  The  as-prepared  powder  was  ground  by  ball-milling  and 
pelletized  by  isostatic  press  at  200  MPa.  The  pellets  were  sintered 
at  different  temperatures  to  investigate  their  sinterability. 

X-ray  diffraction  (XRD)  was  carried  out  to  analyze  the  crystal 
structure  of  the  products.  The  morphology  was  recorded  on  a  JSM- 
6700F  scanning  electronic  microscope  (SEM).  The  AC  impedance 
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Fig.  1.  XRD  patterns  of  the  powder  product. 


Fig.  3.  Relative  density  of  LATP  pellets  after  sintering. 


was  tested  on  an  AUTOLAB  electrochemical  workstation  from 
1  MHz  to  0.01  Hz  with  gold  layers  at  both  sides  as  the  blocking 
electrodes. 

3.  Results  and  discussion 

3.1.  Material  preparation 

Fig.  1  shows  XRD  patterns  of  the  as-prepared  powders.  A  pure 
NASICON  phase  is  indicated.  The  lattice  constants  calculated  from 
XRD  data  are  a  =  0.847 1 6  nm  and  c  =  2.07644  nm,  which  belong  to  R- 
3c  space  group.  The  crystal  lattice  of  the  obtained  products  showed 
a  slightly  shrinkage  compared  to  the  standard  data  of  LiTi2(P04)3, 
which  were  a  =  0.851 3  nm  and  c  =  20.878  nm  (JCPDF  card  No.  00-35- 
0754).  This  was  mainly  attributed  to  the  partially  substitution  of  Ti 
in  the  lattice  of  LiTi2(P04)3  by  Al,  which  has  a  smaller  atomic  diame¬ 
ter.  Synthesis  of  LATP  by  a  solid-state  reaction  may  bring  impurities 
like  AIPO4  due  to  the  reaction  of  Al3+  and  PO43-  [16].  As  demon¬ 
strated  in  this  study,  high  purity  of  NASICON  phase  can  be  obtained 
by  the  co-precipitation  method. 

Fig.  2  shows  the  morphology  of  the  as-prepared  powder.  The 
primary  particles  are  mainly  in  sub-micron  range  of  200-500  nm. 
This  small  particle  size  can  afford  the  ceramic  powder  good  sin¬ 


tering  behavior.  However,  some  agglomerates  were  observed.  It 
was  considered  to  be  the  consequence  of  the  characteristic  of  car¬ 
bonate  precipitation.  Ball  milling  using  Zr02  balls  and  alcohol  as 
solvent  was  introduced  to  reduce  the  agglomerations.  EDS  anal¬ 
ysis  showed  that  no  impurity  elements  were  introduced  into  the 
product.  Some  particles  were  mainly  in  the  range  of  0.1-1  p,m  by 
grinding  the  powder  for  10  h.  However,  part  of  the  agglomerations 
cannot  be  reduced  into  primary  particle  size  by  a  simple  grinding. 

3.2.  Sinterability 

3.2.1.  Sintering  temperature 

The  ground  powder  was  pressed  into  pellets  with  a  relative  den¬ 
sity  nearly  60%  by  isostatic  pressing  at  200  MPa.  The  pellets  were 
sintered  at  different  temperatures  for  3  h.  The  relative  densities  of 
the  sintered  pellets  were  given  and  compared  in  Fig.  3.  As  seen, 
the  relative  density  reached  93.90%  at  1000°C,  and  93.02%,  93.63% 
and  93.21%  at  900  °C,  1050°C  and  1100°C,  respectively.  The  rela¬ 
tive  densities  declined  sharply  at  1200°C  and  1300  °C  reaching  to 
below  90%,  which  could  be  ascribed  to  the  loss  of  lithium  in  the 
LATP  at  high  temperature. 

As  seen  in  Fig.  4,  all  the  sintered  samples  presented  characteris¬ 
tic  diffraction  peak  of  aluminum  phosphate  phase  at  about  20  =  22°. 


- 1 - ' - T" 

1 

. . X.  1 

■  aipo4 

L  -  JL  ll  -  JL. 

— 1 — 

-  A.  JL  _ 

— 1 — 

A  .  

- 1 - 1 - 

1300°C 

_ , _ L 

.  JL  -  * 

-  1  .1 

~  A  .   , 

1200°C 

,  ll 

v.  -  1  -  ll  A  -  1. 

.  A  -A 

m  fl  . 

1100°C 

, ll 

.  -  1  -  it  .1  4 

JL A 

1050°C 

il 

.  1  ll  1 

A   l  - 

1000°C 

JL  L 

X.  I  ll  Jl -  JL- 

900°C 

- 1 - K - lA. — /L - \ — - 1 _ * 

— h- - 

LATP 

_  .1 - 

10  20 

30  40 

50 

60 

70  80 

2Thcta/Dcgrcc 


Fig.  2.  Morphology  of  the  LATP  powder. 


Fig.  4.  XRD  patterns  of  the  sintered  pellets. 
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Fig.  5.  Relative  density  of  LATP  pellets  vs.  holding  time. 


The  peak  intensity  of  the  impurity  phase  increased  with  the  sin¬ 
tering  temperature,  indicating  that  the  lithium  evaporation  was 
more  serious  at  higher  temperature.  An  obvious  increase  of  the 
peak  intensity  corresponding  to  A1P04  could  be  observed  in  the 
sample  sintered  at  1200°C  and  1300  °C.  It  well  accorded  with  the 
relative  density  obtained. 

Based  on  the  results,  it  was  concluded  that  a  relatively  low  tem¬ 
perature,  e.g.,  900  °C  or  1 000  °C,  would  be  suitable  for  sintering  the 
LATP  ceramics. 
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Fig.  6.  (a)  Relative  density  and  conductivity  of  LATP  samples  sintered  at  differ¬ 
ent  temperatures,  (b)  AC  impedance  spectra  of  LATP  ceramic  electrolyte  sintered 
at  900  °C  for  6h. 


Fig.  7.  (a)  AC  impedance  spectrum  at  298-353  K  of  the  LATP  ceramic  electrolyte 
sintered  at  900  °C  for  6h.  (b)  Arrhenius  curve  of  LATP  ceramic  electrolyte  sintered 
at  900  °C  for  6h. 

3.2.2.  Holding  time 

Fig.  5  shows  the  effect  of  holding  time  on  the  relative  density 
of  LATP  pellets  at  900, 1000  and  1100°C,  respectively.  Increase  of 
the  holding  time  at  900  °C  increased  the  relative  density.  A  relative 
density  of  97%  was  reached  for  the  sample  sintered  at  900  °C  for  6  h. 
However,  the  relative  density  of  the  sample  did  not  further  increase 
as  the  holding  time  was  over  6  h.  No  obvious  effect  of  holding  time 
on  the  densification  was  observed  as  the  sintering  temperature  was 
higher  than  900  °C. 

3.3.  Conductivity  measurement 

The  conductivity  of  the  LATP  pellets  sintered  at  800-1100  °C  for 
6  h  was  measured  by  AC  impedance  at  room  temperature  with  gold 
at  both  sides  as  the  blocking  electrode.  The  result  presented  a  char¬ 
acteristic  capacitance  circuit  as  shown  in  Fig.  6.  The  relationship 
between  conductivity  and  relative  density  was  shown  in  Fig.  6(a). 
The  first  intersection  of  the  semi-circle  corresponds  to  the  bulk 
resistance  and  the  later  one  corresponds  to  the  total  resistance. 
Obviously,  the  conductivity  greatly  depended  on  the  relative  den¬ 
sity  of  the  ceramics.  The  sample  sintered  at  900  °C,  which  had  the 
highest  density  showed  the  best  conductivity  at  room  temperature. 

The  conductivity  measurement  results  for  the  LATP-900  sam¬ 
ple  were  shown  in  Fig.  6(b).  The  semi-circle  corresponded  to  the 
lithium  ion  transportation  in  the  ceramic  electrolyte.  The  straight 
line  appeared  afterward  was  caused  by  the  lithium  ion  diffusion  in 
the  electrode.  The  conductivity  of  the  ceramic  electrolyte  was  cal¬ 
culated  as  2.19  x  10-3  Son-1  for  bulk  and  1.83  x  10_4Scm_1  for 
total  conductivity.  It  was  noticeable  that  the  total  conductivity  was 
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more  than  one  order  of  magnitude  lower  than  the  bulk  conductiv¬ 
ity.  Anyway,  the  LATP  ceramics  showed  an  acceptable  conductivity 
of  lithium  ion  at  room  temperature. 

Fig.  7  shows  the  AC  impedance  of  LATP-900  tested  in  the  range 
of  289-353  K.  The  relationship  between  conductivity  and  temper¬ 
ature  well  fit  to  the  Arrhenius  equation  as  log((rT)=A(-Ea/RT),  in 
which  Ea  represents  the  activation  energy  of  the  ceramic  elec¬ 
trolyte.  The  Ea  of  LATP-900  sample  calculated  from  the  slope 
of  linear  fitted  line  was  0.35  eV.  For  typical  NASICON  structured 
lithium  electrolyte,  the  Ea  of  crystal  bulk  is  constant  at  about  0.3  eV. 
But  the  Ea  of  grain  boundary  may  vary  with  the  substitutional 
amount  of  M4+  by  M3+  due  to  the  structural  change  and  the  degree 
of  densification  [1  ].  The  substitution  of  Ti4+  by  Al3+  might  decrease 
the  Ea  of  the  grain  boundary  greatly  [17]. 

4.  Conclusion 

In  this  work,  co-precipitation  method  was  adopted  to  produce 
pure  phase  LATP  powder.  This  method  is  applicable  for  mass  pro¬ 
duction.  The  sinterability  of  the  as-prepared  LATP  was  optimized. 
The  maximum  relative  density  reached  97%  for  the  sample  sintered 
at  900  °C  for  6h.  The  LATP  electrolyte  showed  an  acceptable  con¬ 
ductivity  at  room  temperature,  which  was  2.19  x  10-3  Scm-1  for 
bulk,  and  1.83  x  10-4  Son-1  for  total  conductivity. 
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